Background. Although pregnancy is a recognized risk factor for severe influenza infection, the effect of influenza on miscarriages and births remains unclear. We examined the relationship between influenza and birth rates during the 1918 pandemic in the United States, Denmark, Sweden, and Norway.
Methods. We compiled monthly birth rates from 1911 through 1930 in 3 Scandinavian countries and the United States, identified periods of unusually low or high birth rates, and quantified births as ''missing'' or ''in excess'' of the normal expectation. Using monthly influenza data, we correlated the timing of peak pandemic exposure and depressions in birth rates, and identified pregnancy stages at risk of influenza-related miscarriage.
Results. Birth rates declined in all study populations in spring 1919 by a mean of 2.2 births per 1000 persons, representing a 5%-15% drop below baseline levels (P , .05). The 1919 natality depression reached its trough 6.1-6.8 months after the autumn pandemic peak, suggesting that missing births were attributable to excess first trimester miscarriages in 1 in 10 women who were pregnant during the peak of the pandemic. Pandemic-related mortality was insufficient to explain observed patterns.
Conclusions. The observed birth depressions were consistent with pandemic influenza causing first trimester miscarriages in 1 in 10 pregnant women. Causality is suggested by temporal synchrony across geographical areas.
Pregnancy has been identified as a risk factor for severe illness and death during all the influenza pandemics of the 20th century and in the 2009-2010 influenza A(H1N1) pandemic. In the 1957 influenza pandemic, 50% of the deaths in women of childbearing age occurred in pregnant women and resulted from primary viral pneumonia following influenza infection [1] [2] [3] . Similarly, although pregnant women comprise 1% of the US population today, they accounted for 5% of influenza-related deaths during the 2009 pandemic; furthermore, pregnant women were at elevated risk for admission to intensive care units and preterm delivery [4] [5] [6] . In contrast to the risk of maternal illness during pregnancy, the impact of influenza on the fetus and likelihood of miscarriage has been less studied [7] . Although studies have shown that maternal influenza vaccination improves fetal and infant outcomes [8, 9] , little is known about whether maternal influenza infection has the potential to terminate pregnancies, and comprehensive data are lacking on the association between influenza and birth outcomes. This issue could have important implications for public health strategies and clinical care for pandemics as well as seasonal epidemics.
Investigating the impact of influenza on pregnancy is a challenge, because miscarriages may not be directly linked to influenza when patients are referred to clinics, especially if miscarriage occurs several weeks after primary viral infection. In addition, early pregnancy loss may occur unbeknownst to women who have not yet discovered that they are pregnant. Clinical reports from the 1918 pandemic period support a link between influenza and elevated maternal morbidity, mortality, pregnancy loss, and preterm labor [10] [11] [12] . In a 1919 report of 1350 pregnant women with influenza, 26% of case subjects miscarried (the largest proportion in the first trimester), whereas 52% of pneumonia-complicated case subjects miscarried [13] . This phenomenon associated with the 1918 pandemic appears to have been geographically widespread; a preponderance of miscarriages following pandemic peak activity was described in the Philippines [14] , and an increase in miscarriages in women 5-9 months pregnant followed by a baby boom was reported in Norway [15] . In more recent literature, a possible association was noted between seasonal influenza A(H3N2) and a cluster of miscarriages [16] . Small observational studies of pregnant women infected with the 2009 pandemic influenza A(H1N1) virus reported preterm deliveries and fetal deaths [17, 18] . Despite these geographically limited reports and case series, the association between maternal influenza and pregnancy loss has not been quantified.
In this study, we utilized historical epidemiological records from the 1918 influenza pandemic in 3 Scandinavian countries and the United States to examine the relationship between influenza and pregnancy outcomes at the population level. We hypothesized that if influenza infection in pregnant women can cause miscarriages on a large scale, then a decline in births would occur within 9 months of the peak pandemic activity. Data from contemporaneous national surveillance systems were acquired from library archives to elucidate the potential temporal associations between influenza activity and birth patterns, and to quantify the risk of miscarriage associated with influenza infection.
METHODS

Data
For each population in the Scandinavian countries and the United States, we collected monthly rates of births and population data (Table 1) , as well as data on morbidity or mortality due to respiratory diseases (as available), for the period before, during, and after the 1918 pandemic [19] [20] [21] [22] [23] [24] . The period 1911-1930 was included in the analysis for Denmark, Norway, and Sweden. We used aggregated respiratory mortality and birth rate data for the 10 states of the 1915 US Birth Registration area (Connecticut; Pennsylvania; Maine; Massachusetts; Michigan; Minnesota; New Hampshire; New York; Vermont; and Washington, DC) for the period 1915-1924. We collected additional detailed data from Denmark on regional differences in pandemic activity and birth rates, as well as stillbirths.
Statistical Analysis
Expected Birth Rates and Confidence Intervals. First, we used the respiratory mortality data (US states) and influenza morbidity data (Scandinavian countries) to deduce the timing of peak pandemic activity associated with the lethal 1918 autumn wave in each location. We developed a seasonal model to estimate a baseline for birth rates derived from surrounding years, after excluding birth data from the extended pandemic period of January 1918 through December 1920. Because birth rates are known to vary seasonally and over time due to socioeconomic changes unrelated to influenza activity, we subtracted from the monthly birth rates the moving average of the surrounding 73 months according to the following equation: 
where y is an index for the year. Thus, in the absence of influenza activity, our expected birth rate E t for every month t in the studied period is E (y312)1m 5 M (y312)1m 1 S. We also analyzed the data with a multiplicative version of this model, which yielded nearly identical results (data not shown).
The 95% confidence interval around the birth rate baseline was determined for each study population assuming a normal distribution, where the variance was determined as the square of the residuals summed over all months excluding the pandemic period. This estimate of the variance is about twice as large as what would be obtained under the assumption of a Poisson error, and hence is conservative. For each study population, we identified consecutive months in which the observed birth rate was ''in excess,'' that is, above or below the 95% confidence interval on the baseline for at least 2 months.
Quantifying the Timing of Birth Rate Excesses. For each study population and periods associated with significant excess birth rates above or below normal levels, we calculated the center of gravity of the excess period. The center of gravity has been used in past research to identify the timing of epidemics [25] and can be considered as the median month of positive or negative excess births. It is calculated as the weighted average of the months belonging to an excess period, where the weights are the monthly residuals (observed birth rate minus baseline birth rate).
Quantitative Assessment of Alternative Hypotheses. We also explored the potential impact of influenza-related deaths in women of childbearing age on the birth rate patterns observed in our data sets. We compiled data on deaths among women aged 20-49 years from Copenhagen [26] . Finally, we examined evidence of a third trimester effect of influenza on the fetus by exploring time trends in stillbirth data, which were available from Denmark for the period 1911-1930. Using a seasonal modeling approach similar to that used for birth rates, we analyzed stillbirth data from Denmark for evidence of an increase in stillbirths during and after the autumn 1918 influenza peak.
RESULTS
The birth rate model including long-term time trends and seasonal effects explained 93%-95% of the variation in the monthly data outside the pandemic period in all study populations (Supplementary Table 1 ). The difference between the observed and expected monthly birth rates (residuals) was plotted for each population, together with the morbidity or mortality rate indicators of pandemic influenza activity ( Figure 1 ). The monthly indicators of influenza activity peaked in OctoberNovember 1918 in all populations studied except for rural Denmark, where it peaked during late November to early December 1918 (Table 2) .
A statistically significant period of birth rate depression was identified in all study populations, reaching a remarkably consistent trough 6.1-6.8 months after the peak of the influenza pandemic, based on the center of gravity analysis ( Figure 1 ; Table 2 ). Birth rates declined by 2.2 births per 1000 persons, on average, in each of the study populations (range, 1.3-4.0 births per 1000 persons), which amounts to a 5%-15% reduction in births relative to annual baseline expectations. This annual reduction corresponds to an excess of 1 in 10 pregnant women infected with influenza during their first trimester having miscarried in autumn 1918.
In Scandinavia, the natality decline began in JanuaryFebruary 1919, with the ''missing'' births concentrated in April and May 1919, 6-7 months after peak pandemic activity. Following this temporal natality depression, a compensatory surge of births was noted 7.5-10 months later in these countries, beginning in October 1919 and peaking in winter 1920. This surge represents an excess of 0.8-5.8 births per 1000 personsda 4%-20% increase in births relative to annual baseline expectations (Table 2 ). These patterns were the only sustained deviations from the expected number of births throughout the 30-year study period in these populations. The United States experienced a decrease in births culminating 6.6 months after peak pandemic activity, remarkably consistent with the Scandinavian experience. The compensatory increase in birth rates was not as pronounced in the United States as in the other locations at 0.3 births per 1000 persons (1.3% in excess of annual expectation). No other period of sustained deviations from the expected number of births was observed in the United States throughout the 10 years studied.
To explore the association between influenza and birth rates at a finer geographical scale, we compared the timing of the 1918 influenza pandemic and trends in birth rates in Copenhagen and rural Denmark (Figure 2 ). Although the timing of the influenza pandemic and natality depression in Copenhagen was consistent with the nationwide patterns described above, the pattern for rural Denmark was shifted by 1-2 months. Influenza morbidity peaked in October 1918 in Copenhagen and NovemberDecember 1918 in rural Denmark. Accordingly, the decline in birth rates began in Copenhagen in January 1919, with the most births missing in mid-April 1919; in rural Denmark, the natality dip began in March 1919, with the most births missing in June 1919 ( Figure 2 ). The time elapsed between the peak of the influenza pandemic and center of gravity of missing births was consistent for the 2 regions (6.5 months in Copenhagen; 6.6 months in rural Denmark), suggesting that the same phenomenon occurred in the capital city and rural areas, with a 1-2 month lag between locations.
We considered the potential impact of influenza-related deaths in women of childbearing age as a potential explanation for the postpandemic decline in birth rates. In Copenhagen, detailed annual sex-, age-, and cause-specific mortality data were available; a total of 743 women aged 20-49 years were reported to have died from influenza from July 1918 through June 1919, in a population of 135 000 women 20-49 years of age [26] . Yet there were 1200 births missing in spring 1919 in Copenhagen. Even in the extremely unlikely scenario that all women 20-49 years of age who died in Copenhagen were pregnant when they died, it would explain only 62% of the missing births. Finally, we examined evidence of a third trimester effect on the fetus. If a fetus had been near term at the time of the 1918 pandemic, a miscarriage event would likely have been recorded as a stillbirth at the time of the mother's pandemic illness in autumn 1918. There were 2 nonconsecutive months of excess stillbirths in Denmark during the pandemic period, in November 1918 and January 1919, representing a total of 11.4 excess stillbirths per 1000 live births for the 2 months, or 64 excess stillbirths. We also observed similar deviations in 4 other months, which were spread out over the study period 1911-1929 (Figure 3) .
Taken together, these findings, of (1) the consistency of the time elapsed between the peak pandemic activity in autumn 1918 and the drop in birth rates 6.1-6.8 months later across 4 study populations in Scandinavia and the Unites States, (2) the lack of a similar drop in birth rates in any other period during 1911-1930, (3) the minor contemporaneous increase in stillbirths, (4) the relatively low number of influenza-related deaths in young adult women associated with the autumn 1918 pandemic, and (5) the compensatory increase in birth rates occurring within 1 year of the pandemic, strongly suggest that the 1918 pandemic was associated with miscarriages in the first trimester of pregnancy.
DISCUSSION
In this study, we explored historical natality, demographics, and health data and documented an unusual 5%-15% decline in natality with a trough 6.1-6.8 months after the peak of the severe autumn 1918 pandemic wave in several Scandinavian countries and the United States. On average, 2.2 births per 1000 persons were missing during spring 1919, corresponding to an excess of 1 in 10 pregnant women infected with influenza during their first trimester having miscarried in autumn 1918. We argue that the most parsimonious explanation for this unusual and temporal birth depression is substantial pregnancy losses following influenza infection in autumn 1918 among women who were then in their first trimester of pregnancy (Figure 4) . The temporal association observed in all countries was strengthened Figure 1 . Timing of influenza pandemic and birth rate reduction in Denmark, Norway, Sweden, and the United States. A, Time series of monthly natality rates in Denmark during several decades surrounding the 1918 pandemic. It can be seen that an unusual and unseasonal birth rate depression occurred in early 1919, followed by an equally unusual increase (compensation) from late 1919 through early 1920. The natality patterns are typical for natality data from each of the populations studied. B, Time series of residual natality rates after subtracting out the expected (modeled) baseline, contrasted with the peak influenza (flu) periods, for Denmark (DK), Norway (NO), Sweden (SE), and the United States (US). For each study population, the severe autumn 1918 peak was followed by a temporary period of compensation 6-9 months later. This decline is attributed to first trimester miscarriages among a subset of all pregnant women who had pandemic influenza. The shaded areas represent the 95% confidence intervals P&I deaths indicate respiratory mortality due to pneumonia and influenza.
further by the observation that a 1-to 2-month difference in the timing of pandemic activity between Copenhagen and rural Denmark was mirrored by a similar 1-to 2-month difference in the decline of birth rates in spring of 1919. We also observed that the postpandemic dip in birth rates was followed by a compensatory natality increase in late autumn 1919 and early spring 1920, when natality significantly exceeded the expected rates. This rapid resurgence of births from late autumn 1919 through early spring 1920, especially in Denmark and Sweden, confirmed that fertility was not permanently impacted. We hypothesize that the resurgence represents compensatory pregnancies in women who miscarried due to influenza.
This population-level study represented a unique opportunity to investigate the phenomenon of influenza as a risk factor for miscarriage early in pregnancy and to quantify the magnitude of the risk. A first trimester influenza-related miscarriage might often not be noted at the time of the mother's illness; rather, it would figure as a missing birth event some months later.
Interestingly, the birth rate depression period observed in 1919 was relatively protracted, as compared with the short and intense period of influenza mortality in autumn 1918. Variation in the exact stage of pregnancy at which influenza infection occurred (0, 1, 2, or 3 months into pregnancy), and perhaps in the risk of miscarriage at different stages of the first trimester of pregnancy, would result in a protracted period of birth depression lasting 3-6 months, even though autumn pandemic activity was concentrated in 1-2 months. We are not aware of previous population-wide studies examining the timing of influenza activity in relation to natality patterns.
The unusual epidemiology of the 1918 influenza pandemic, wherein deaths were concentrated among young adults, has been well-documented in studies of the United States, United Kingdom, Japan, and Denmark [27] [28] [29] [30] [31] . Our study strongly suggests that the number of influenza-related deaths among pregnant women during the autumn 1918 pandemic cannot fully account for the natality patterns we observe. Most importantly, a The lag period (in months) was calculated as the difference between the month of peak influenza and that of the center of gravity of the birth depression.
b The dip percentage was calculated as the sum of the negative excess birth rates during the dip period divided by the expected annual birth rate.
c The percentage of compensation was calculated as the sum of the positive excess birth rates during the compensatory period divided by the expected annual birth rate.
d The 10 states included were Connecticut; Pennsylvania; Maine; Massachusetts; Michigan; Minnesota; New Hampshire; New York; Vermont; and Washington, D.C. Figure 2 . Asynchrony in timing of influenza (flu) activity and birth patterns across Denmark. The influenza epidemic struck Copenhagen (Cph) 1-2 months before it hit the rural areas in Denmark. The delayed effect is mirrored by the birth depression, with the birth rate at its lowest in Copenhagen 1-2 months prior to the low point in rural Denmark. The shaded area represents the 95% confidence interval, which happened to be the same for Copenhagen and rural Denmark.
if the deaths of expectant mothers were fully responsible for the dip in births in spring 1919, it would be difficult to explain the compensatory surge in births occurring 7.5-10 months after the dip. Overall, maternal mortality likely played a role in the observed birth depression, as confirmed by high mortality rates in pregnant women in the 1957 and 2009 influenza pandemics [1, 2, 5] , but it was not the main factor explaining postpandemic natality trends.
Competing Hypotheses
Below we review competing hypotheses that could potentially have explained the observed trends in birth rates. We considered the possible impact of World War I (WWI), including the absence or death of young men who may have otherwise fathered infants during the summer of 1918. However, in contrast to Sweden and the United States, Denmark and Norway were minimally involved in WWI. Because all 4 countries had the postpandemic birth depression pattern, we conclude that warrelated population changes cannot explain the observed patterns. We next explored the potential contribution of nutrition factors to the observed patterns. In Norway, WWI led to food shortages, which have been shown to impact fertility in other populations [32, 33] . In contrast, malnutrition problems decreased in the Danish population after a German blockade in winter 1917 [34] . Although malnutrition may have had an impact on fertility in the years prior to the influenza pandemic, it cannot explain the observed spring 1919 depression in natality, at least not within Denmark. We also considered whether fertility was impacted by pandemic influenza through changes in population behaviors. If many young women and men fell ill or feared infection in the first pandemic wave in the spring and summer of 1918, it might have interfered with reproductive behavior [11] . However, we think this unlikely, as the first pandemic wave was relatively mild with few deaths in both the Unites States and Denmark [28] [29] [30] . We also considered the influence of the Great Depression on modeling long-term changes in birth rates; however, our results were robust to exclusion of the years leading to the Great Depression toward the end of our study period.
For pandemic activity to explain the observed birth depressions, one may have expected a signal for each of the 4 pandemic waves during 1918-1920, yet we could only statistically associate the severe autumn 1918 wave (so-called second wave) with such a natality decline in all study populations. The lack of association for the first wave could be explained by the mildness of the infection [28] [29] [30] , and there may not have been many remaining susceptible pregnant women during the third and fourth waves in the winter of 1918-1919 and 1919-1920 . We note that in the Unites States, the birth depression occurred in a ''double dip'' pattern, beginning as early as November 1918. The first natality dip in the Unites States may have been an effect of the documented spring 1918 wave [28] . If some women in their first trimester had been infected in April 1918 and miscarried, a drop in the birth rate would be expected 6-9 months later, in October-December 1918. The first dip in births in the United States is small, which could be consistent with a minor effect of the spring wave, whereas the second dip later in 1919 is more pronounced and synchronous with those in other countries, and could be explained by the severe influenza burden associated with the autumn 1918 pandemic wave. Overall, we note that the center of gravity index, which measures the month at which 50% of the natality dip had occurred, is highly consistent between the United States and Scandinavia, suggesting a common phenomenon.
Geographic heterogeneity in pandemic timing may also have affected the US findings [35] , because the data available represented an aggregate of 10 states in the Mid-Atlantic, New England, and Midwest regions of the United States. It would be ideal to analyze the US data by individual state, but the data were not publicly available to our knowledge. Other locations would be of particular interest, such as Iceland, where 40% of the population escaped the autumn influenza pandemic of 1918, due to stringently enforced quarantine and travel restrictions [36, 37] . It would be interesting to analyze birth patterns in different parts of Iceland and explore their association with timing of influenza activity.
Biological Mechanisms That May Explain Miscarriage Following Influenza Infection
A handful of studies have explored the effects of viral respiratory disease on pregnancy; most of these have been devoted to explaining severe health outcomes in pregnant women rather than fetuses. However, when pregnant women experience severe systemic reactions, as with influenza infection, it can be harmful to both mother and fetus. Pneumonia can cause high fever and toxicity, which is thought to cause miscarriage in the early stages of pregnancy and premature labor [3] . Hormonal signals lead to mechanical changes that impact respiratory and cardiac function, possibly leading to increased risk of complications when pregnant women contract an infection [7] . Pregnant women undergo immunological adaptations, including systemic suppression of cell-mediated immunity, which may lead to increased susceptibility and/or risk of severe outcomes [38] . During the 2009 influenza A (H1N1) pandemic, severe outcomes were linked to low levels of immunoglobulin G antibodies, which often occurs in pregnancy [39] .
The association between the 1918 pandemic and observed birth rates may illustrate a generic association between epidemics of infectious diseases and associated temporal declines in birth rates. Large variations in birth rates have been reported after global epidemics of cholera, dysentery, smallpox, and influenza in France, England, and Wales [40] . In agreement with our epidemiological findings, this suggests a link between pandemics and early pregnancy loss, in which an initial drop in natality is followed by a spike in births [40] .
It remains to be seen whether the association between birth rates and the 1918 pandemic can be generalized to seasonal influenza epidemics of lesser severity and to the 2009 influenza A (H1N1) pandemic. A similar phenomenon may have been associated with the 1957 or 1968 pandemics in Denmark or the United States, but it may have been too subtle to measure (data not shown). If influenza-related miscarriages were to blame for the depression and subsequent rise in natality following the 1918 pandemic, perhaps this is more readily observed because of the unusual severity of infection with the 1918 influenza A (H1N1) virus.
Our findings support influenza vaccination recommendations for pregnant women and may have other implications for clinical care of pregnant women during severe influenza pandemics. If our historical results were confirmed by future epidemiological and clinical studies, the risk of influenzarelated miscarriage may need to be considered in planned pregnancies. In particular, monitoring cohorts of pregnant women for influenza infection during pandemic and epidemic seasons is essential to fully understand the association between influenza activity and early miscarriages.
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